I. INTRODUCTION
Choice of synthesis conditions for a metal oxide are often informed by thermodynamics considerations, as commonly represented in the Ellingham diagram. Consideration of the metal's redox potential can also be instructive. Metals possessing high oxidation potential are readily oxidized, whereas those with lower potential require stronger reaction conditions: high oxygen pressures, 1 high processing temperatures, 2,3 sol-gel chemistry, 4,5 application of reactive gases such as ozone, [6] [7] [8] [9] [10] [11] or even combustion. 12 For ternary oxides such as perovskite oxides (ABO 3 , where A and B are elemental metals), a difference in oxidation potentials of metal A and B can make synthesis even more demanding as compared to their binary oxide counterparts. For instance, if metal B has a lower oxidation potential than that of metal A, a more severe oxidation condition may be required to achieve full oxidation of B in the presence of A. Figure 1 shows the standard oxidation potential 13, 14 of elements used in common perovskite oxides. B-site elements (Ti, V, Sn, Ni, etc.), in general, have lower oxidation potential than Asite elements (Ba, Sr, La, Y, etc.), implying stronger oxidation conditions may be required for nickelates or stannates as compared to their titanate equivalents. Owing to this complication, ultra-high vacuum (UHV) growth techniques such as oxide molecular beam epitaxy (MBE) often result in incomplete oxidation of elements with low oxidation potential, leading to the formation of secondary phases. For example, NiO is a known impurity phase in nickelates due to incomplete oxidation of Ni under standard MBE conditions. 15 Similarly, undesirable SnO phase forms during the MBE growth of SnO 2 . 16 Potentially, higher oxygen pressure or the application of reactive gases such as hydrogen peroxide 17 or ozone [6] [7] [8] [9] [10] [11] can be used to avoid such issues. However, they may lead to undesirable consequences in MBE such as metal flux instability [18] [19] [20] due to the surface oxidation, or filament oxidation, or even damage to the vacuum pumps due to high oxygen pressure.
Alternative MBE approaches, such as hybrid MBE, overcome these challenges to a certain extent. 21, 22 Hybrid MBE supplies low-vapor-pressure-elements in the form of chemical precursors, with metal atoms already bound to oxygen. For example, titanium tetraisopropoxide [23] [24] [25] (TTIP) and vanadium oxytriisopropoxide 26, 27 (VTIP) precursors are used to supply Ti and V, respectively. The advantages of this approach include scalable growth rates, self-regulating stoichiometry control, [23] [24] [25] and potentially superior oxygen stoichiometry owing to the additional source of oxygen from the precursor. However, it may not always be possible to find an oxygen-containing metal precursor that benefits the oxide growth in this fashion. In particular, for the stannate compounds (ASnO 3 ), identifying a suitable precursor is nontrivial. Emulating the recent success of TTIP (Refs. [23] [24] [25] and VTIP (Refs. 26, and 27) precursors, a chemical precursor like tin tert-butoxide (TTB) 28 that coordinates tin atoms to four oxygen atoms would appear to be a logical choice. When tested, however, TTB was found to be thermally unstable, with a vapor pressure much lower than appropriate 29 for use in the MBE system. In this letter, we report on a hybrid MBE approach for epitaxial growth of phase-pure, stoichiometric BaSnO 3 films using hexamethylditin, (CH 3 ) 6 Sn 2 (HMDT) as a tin precursor. It is noteworthy that the reactivity of HMDT is strong enough to produce phase-pure BaSnO 3 films when combined not only with an oxygen plasma but also with molecular oxygen [see Fig. S1 
II. EXPERIMENT
Phase-pure, single-crystalline, epitaxial BaSnO 3 (Refs. 31-33) films (a 0 ¼ 4.116 Å ; space group: Pm 3m) were grown by co-deposition on SrTiO 3 (STO) (001) and LaAlO 3 (LAO) (001) substrates in a UHV oxide MBE system (EVO 50, Omicron Nanotechnology, Germany). The lattice mismatch of BaSnO 3 is À5.12% and À7.89% (compressive) with SrTiO 3 and LaAlO 3 , respectively. A hybrid MBE approach was employed using HMDT (Sigma Aldrich, USA) as a metalorganic precursor for Sn, an elemental solid source for Ba using an effusion cell and an rf plasma source for oxygen. The plasma source (Mantis, UK), equipped with charge deflection plates, was operated at 250 W and oxygen pressure of 5 Â 10 À6 Torr. The HMDT precursor was introduced via a gas injector (E-Science, Inc., USA) by thermal evaporation in a bubbler, which was connected to the gas injector through a gas inlet system equipped with a linear leak valve and a Baratron manometer. The HMDT flux was controlled by feedback control of the linear leak valve. Given the high volatility of HMDT at low temperatures, no carrier gas was used. A 350-nm-thick Ta layer was deposited on the back of the substrates to improve heat transfer between the film and the substrate heater. Substrates were cleaned in oxygen plasma for 20 min prior to film deposition ensuring no carbon contamination was present at the surface. The growth of stoichiometric BaSnO 3 films was then carried out at a fixed substrate temperature, 900 C (thermocouple temperature) for 1 h keeping the beam equivalent pressures for Sn and Ba at 1.3 Â 10 À6 and 5.0 Â 10 À8 Torr, respectively. Oxygen plasma was left on during cooling until the samples reached 400 C. Film growth was monitored in situ using reflection highenergy electron diffraction (RHEED, Staib Instruments, Germany), operating at an accelerating voltage of 14 kV. Structural characterization was performed using a highresolution Panalytical X'Pert thin-film diffractometer with Cu K a radiation. Wide-angle x-ray diffraction (WAXRD) 2h-x scans and reciprocal space maps (RSMs) were taken to determine phase purity, and out-of-plane/in-plane lattice parameters. Grazing-incidence x-ray reflectivity (GIXR) scans, wide-angle x-ray diffraction finite-size fringes, and RHEED intensity oscillations were analyzed to determine the film's thicknesses, which were in excellent agreement with each other. GenX 34 was used to fit GIXR data. During film growth, time-dependent in-plane lattice parameters of BaSnO 3 were determined by measuring the spacing between diffraction streaks in real-time RHEED patterns, and then normalizing with respect to the spacing corresponding to the in-plane lattice parameter of the SrTiO 3 substrate [see . Atomic force microscopy (AFM) in contact mode was used to probe surface morphology. Scanning transmission electron microscopy (STEM) analysis was conducted using an aberration-corrected FEI Titan G2 60-300 STEM microscope equipped with a CEOS DCOR probe corrector operated at 200 keV. Energy dispersive x-ray spectroscopy (EDX) and electron energy-loss spectroscopy (EELS) maps were recorded using Super-X system with a quadSilicon Drift Detector windowless in-polepiece EDX detector, and Gatan Enfinium ER spectrometer in the microscope, respectively. The convergent semiangle of the incident STEM probe beam was 21 mrad and the annular dark-field (ADF) detector inner angles were in the range of 43-77 mrad. Beam currents of 45 and 125 pA were used for imaging and spectroscopy, respectively. Transport measurement was performed using a Quantum Design physical property measurement system. Indium was used as an ohmic contact. No measurable conductivity (<10 À4 X À1 cm
À1
) was observed in as-grown stoichiometric BaSnO 3 films.
III. RESULTS AND DISCUSSION
Figure 2(a) shows time-dependent RHEED intensity oscillations observed during a stoichiometric film growth. RHEED intensity oscillations indicate a two-dimensional Frank-van der Merwe (layer-by-layer) growth mode. A damping of the RHEED intensity for the first few monolayers was observed, which is attributed to an increase in the long-range roughness. 35, 36 However, a phase shift in the RHEED oscillations after 2-3 monolayers was observed, accompanied by an increase in the overall RHEED intensity. Such phase shifts are indicative of changes in growth dynamics and/or surface reconfiguration. 37, 38 In fact, we found that this abrupt phase shift is marked by the onset of strain relaxation as illustrated in Fig. 2(b) , which shows time-dependent in-plane lattice parameters determined from the analysis of RHEED patterns [see Fig. S3 (Ref. 30) ]. To obtain further insights into the mechanisms of strain relaxation, we analyzed the thickness-dependent (i.e., growth timedependent) in-plane lattice parameters using the elastic theory of strain relaxation. 39 Figure 2(b) shows a reasonable fit (shown as a solid line) of the experimental data with a hyperbolic function, which represents strain relaxation behavior often via formation of misfit dislocations. 39 It is noted that our experimental critical thickness for strain relaxation (t critical ), $1 nm, is smaller than the theoretical critical thickness value ($3 nm on SrTiO 3 substrate) determined using the Matthews-Blakeslee equation. 40 It should however be noted that the role of thermal stresses between film and substrate is not accounted for in the Matthews-Blakeslee equation, which may also be at play at high growth temperatures. After film growth, RHEED showed streaky patterns along both [100] and [110] azimuths of the substrate, establishing a cube-on-cube epitaxial relationship and smooth surface morphology [see Fig. S4 (Ref. 30) ]. Further study is required, however, to understand the correlation between strain relaxation, phase shift, and growth dynamics.
The lattice parameter was used as a sensitive probe of the cation stoichiometry of our films. Figure 3(a) shows a WAXRD scan for a 40-nm-thick film on SrTiO 3 (001) with finite-size fringes, indicating crystalline phase and smooth morphology on a short lateral length scale. It also reveals phase-pure BaSnO 3 (001) within resolution of XRD, with an expanded out-of-plane lattice parameter of 4.127 Å 6 0.001 Å , which is about 0.26% larger than the bulk value of 4.116 Å . The increased lattice parameter could result from a small amount of residual strain, cation nonstoichiometry, and/or other structural defects. To examine the influence of strain, a similar thickness of BaSnO 3 film was grown on a LaAlO 3 (001) substrate under identical growth conditions. LaAlO 3 substrates offer a larger lattice mismatch, and therefore, films grown on LaAlO 3 are expected to achieve full strain relaxation compared to films of similar thicknesses grown on SrTiO 3 . A WAXRD scan is shown in Fig. 3(b) for a 34-nm BaSnO 3 film grown on LaAlO 3 (001) substrate yielding an out-ofplane lattice parameter value of 4.116 Å 6 0.001 Å . This value is identical to the bulk value, suggesting that the expanded out-of-plane lattice parameter of the film on SrTiO 3 is likely due to an incomplete strain relaxation. We confirmed these results using asymmetric x-ray scans. 
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JVST A -Vacuum, Surfaces, and Films 4.127 6 0.001 Å , consistent with the results of on-axis WAXRD scans, and an in-plane lattice parameter value of 4.100 6 0.001 Å . We calculate the unstrained film lattice parameter of BaSnO 3 using the following equation:
where is the Poisson's ratio for bulk BaSnO 3 [set to 0.247 (Ref. 42 )], and a k and a ? are the experimental values of the in-plane and the out-of-plane lattice parameters, respectively, determined from the RSM. The value of a unstrained was calculated to be 4.116 Å 6 0.001 Å , which is identical to the bulk value, consistent with a stoichiometric film composition. Likewise, the film on LaAlO 3 was found to be fully relaxed [see Fig. 4(b) ] with a unstrained ¼ 4.116 Å 6 0.001 Å , as would be expected in stoichiometric films. These results thus further support our conclusion that films grown on both substrates are nearly stoichiometric.
To investigate structural defects arising from strain relaxation, cross-sectional STEM imaging and spectroscopy were performed. Figure 5 (a) shows a low-magnification highangle ADF (HAADF) STEM image of a 40-nm-thick BaSnO 3 film on SrTiO 3 (001). Important features of this image are uniform film thickness over a large lateral length scale, a sharp film/substrate interface, and evenly spaced regions of different contrast with a spacing of $15 nm. We attribute the HAADF contrast to the complex defect regions propagating through the film from misfit dislocations, leading to slightly preferential milling during STEM sample preparation. The thickness contrast was also observed in the EELS map [see Fig. 5(d) ] corresponding to these regions. It should be noted that a spacing of 7.5 nm is expected if misfit dislocations are responsible for relaxing the full 5.12% lattice mismatch. 43 This spacing is consistent with strain contrast modulations at the interface [ Fig. 5(d) ]. The questions of how and why dislocations propagate in the growth direction despite an in-plane mismatch and why the defect regions span twice the misfit dislocation distance are however open and require further investigations. A detailed analysis is underway to identify the origin and the nature of such defects. Finally, we attempt to discuss the role of HMDT chemistry in assisting the MBE growth of BaSnO 3 , using a previously explored tin source (TET) as a reference [see Fig. S2  (Ref. 30) ]. Application of HMDT results in the growth of stoichiometric BaSnO 3 , while TET does not, despite the similar vapor pressures and thermal stabilities of the two chemicals [see Fig. S2 (Ref. 30) ]. These precursors differ in two important aspects-the mass (and number of C-C bonds) of the alkyl group attached to Sn and the presence of a Sn-Sn bond in HMDT. The thermal dissociation energy of the Sn-Sn bond (146.7 kJ/mol) 44 in HMDT is reported to be smaller than that of Sn-C bonds (199.7 kJ/mol) in TET. 44 Additionally, based on the fact that TET is attached to bulkier C 2 H 5 groups (cf. the CH 3 -groups present in HMDT), one would expect the reactivity of HMDT to be higher than TET, as observed in our experiments. The striking divergence in growth performance displayed by these two chemicals demonstrates the vital role that precursor chemistry plays in the incorporation of tin, even at the elevated temperatures used in MBE. Future investigations should be directed toward investigating the reaction mechanisms involved in tin incorporation using HMDT, TET, and perhaps other similar precursors of tin, which may allow us to potentially design novel precursors for elements that are ordinarily difficult to oxidize.
IV. SUMMARY
In summary, we have demonstrated the growth of epitaxial, phase-pure, stoichiometric BaSnO 3 films via hybrid MBE using HMDT for tin, elemental source for Ba, and an rf plasma for oxygen plasma. Phase-pure films were also grown with molecular oxygen owing to high reactivity of HMDT. We illustrated using in situ RHEED that films grow in a layer-by-layer growth fashion and have a critical thickness of $1 nm when grown on SrTiO 3 . Phase purity, cation stoichiometry, surface morphology, and film microstructure were investigated using a combination of high-resolution xray diffraction, AFM, STEM imaging, and spectroscopy techniques. Future studies are underway to determine the extent of residual carbon concentration from the metalorganic precursor and to investigate the MBE "growth window" 23 for BaSnO 3 . Finally, we argue that with a carefully selected/designed chemical precursor, MBE growth of complex oxides of elements possessing low vapor pressure and low oxidation potential may become possible, which are otherwise difficult to grow in a conventional MBE setup.
